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 This research studies variations in biodiesel upon addition of different 
concentrations of antioxidant and petrodiesel additives. Oxidation onset temperature, 
oxidation induction time, oxidative stability, thermal stability, crystallization onset 
temperature and moisture retention properties of the biodiesel, with and without 
antioxidants have been studied. Antioxidants like BHT, BHA, PrG, Vit E and Vit C were 
added to the biodiesel during the study. These samples were analyzed using the PDSC, 
TGA, DSC and TGA-SA instrumentation.  
 The results of this research show an improvement in the OOT, OIT and Oxidative 
stability of biodiesel with the addition of antioxidants and by blending the biodiesel with 
different amounts of Petro-diesel. A significant improvement in oxidative stability of 
biodiesel has been observed with the addition of antioxidants and petrodiesel. There was 
no significant change noticed in the thermal stability, crystallization and the moisture 
retention properties of biodiesel. 
 I hope that this research would help improving the oxidative stability of the 
biodiesel. The results from the analysis made in this study would also be helpful in 
designing a better antioxidant and aid in improving the present experimental methods for 
the OIT and thermal analysis. 
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Introduction 
1.1 Objective 
 Greenhouse gas emissions are causing an increasing concern around the world 
because of its devastating effect on the global environment. Approximately, 33% of 
greenhouse gases in the United States are a contribution of transportation modules. The 
major culprit is increased levels of CO2 that is released in to the atmosphere due to the 
burning of fossil fuels.  Hence the application of bio-fuels like biodiesel is important 
because it produces reduced levels of harmful emissions. This research studies variations 
in the properties of biodiesel on addition of different concentrations of antioxidants and 
petrodiesel. The study focuses on properties like oxidation onset temperature, oxidation 
induction time, thermal stability, crystallization onset temperature and moisture retention 
capacity of biodiesel and these were analyzed using P-DSC, TGA, DSC and TGA-SA 
instruments. 
1.2 Overview of Biodiesel Synthesis 
 Biodiesel is composed of mono alkyl esters, produced by transesterification of 
vegetable oil or animal fats. Biodiesel reaction, shown in Figure 1 requires a strong base 
(sodium or potassium hydroxide) and it produces methyl esters and glycerin. The bi-
product glycerin is removed and purified which can be further used in soaps, cosmetics 
and pharmaceutical manufacturing. The carbon on the ester of the triglyceride has a slight 
positive charge, and the carbonyl oxygen’s have a slight negative charge. This 
polarization of the C=O bond is what attracts the RO- to the reaction site. This yields a  
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tetrahedral intermediate that has a negative charge on the former carbonyl oxygen. These 
electrons then fall back to the carbon and push off the diacylglycerol forming the ester. 
Then two more RO groups react via this mechanism at the other two C=O groups.  
 
Figure 1.Biodiesel Synthesis Reaction 
 Biodiesel synthesis on a larger scale consists of 6 major steps. The first step is 
extraction where the oil is extracted from organic source either by mechanical extraction 
or by solvent extraction. Crude oil is then refined in order to eliminate impurities such as 
phosphorus which may affect the quality of biodiesel. The process of degumming is the 
next stage, which involves elimination of phospholipids, minerals, chlorophylls and 
colloidal proteins by the process of centrifugation in general. Colour pigments, trace 
metals, soaps, and oxidation products are then removed by bleaching and the oil is later 
neutralized with an alkali (caustic soda) which also removes free fatty acids and heavy 
metals that start the process of oxidation of oils. Transesterification is the last step of 
synthesis, where methanol is mixed with processed oil to yield mono alkyl fatty acid -
methyl esters and glycerine. As glycerine is denser than biodiesel, they can be easily 
separated by density gradient. Methanol can be distilled out and can be re used in the 
5 
 
 
 
process of biodiesel synthesis. 
 
Figure 2.Flow Chart of Biodiesel Synthesis1 
 Biodiesel yield depends on various parameters such as the amount of catalyst used 
and the temperature employed during synthesis. It has been demonstrated by author 
Raghunath D Pokharkar2 et al. that yield of biodiesel changes with the change in 
concentration of Potassium hydroxide (KOH) which is used as a catalyst in the 
transesterification. The rate of the reaction increases with an increase in the catalyst 
concentration up to 0.08N KOH and then levels off.  Optimum yield of biodiesel was 
found to be at a concentration of 0.08N KOH (Figure 3). The author also studied the 
effects of temperature on biodiesel yield and concluded that the optimum temperature 
required for maximum yield of biodiesel is 80oC, which is evident from Figure 4. 
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Figure 3.Effect of Concentration of Catalyst on Biodiesel Synthesis2 
 
Figure 4.Effect of Temperature on Biodiesel Synthesis2 
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1.3 Biodiesel Vs Petrodiesel 
 Biodiesel synthesized by the process of transesterification can be used in any 
diesel engine either in pure form or by blending it with petroleum diesel at any level. 
According to the EPA, petrodiesel has 50% more ozone degrading potential than 
biodiesel. Biodiesel has little or no sulfur oxides and sulfate emissions and it produces 
comparatively lower amounts of carbon monoxide, particulate matter, unburned 
hydrocarbons and poly aromatic hydrocarbons (Figure 5). Combustion of biodiesel 
lowers the emission of carcinogens like poly-aromatic hydrocarbons and nitrous poly-
aromatic hydrocarbons by 75-85% compared to petrodiesel3.  
 
Figure 5.Emissions Chart of Biodiesel3 
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 Biodiesel can be added to diesel engines with very little or no engine modification 
and provides very good lubricity which makes the engine run smooth. Biodiesel is 
produced from organic materials which come from plants and hence the carbon intake by 
plants during photosynthesis accounts for the carbon dioxide released during combustion 
of biodiesel. Biodiesel is renewable, degradable, non-toxic, and safe to handle because of 
its higher flash point. Usage of biodiesel also increases country’s energy independence 
and second generation crops like oilgae in research reduces the dependency on land. 
1.4 Major Drawbacks 
 Major drawbacks of biodiesel are poor oxidation resistance, high crystallization 
temperature, moisture retention capacity, lower calorific value, higher emission of NOx, 
and high viscosity. 
 Exposure of biodiesel to air causes oxidation, which degrades the fuel and affects 
its viscosity, acid value and peroxide value. When biodiesel is exposed to air, free 
radicals are formed that combine with oxygen to produce peroxides. These peroxides in 
turn attack other fatty acid molecules and form stable decomposition products. By 
employing antioxidants, the propagation phase of the oxidation can be arrested. 
High temperature crystallization is one of the major problems associated with 
biodiesel.  The crystallization temperature of biodiesel is higher than that of the 
petroleum diesel. Biodiesel crystallizes before petroleum diesel and separates. Crystals 
can plug in the fuel line and the filter and cause problems in smooth running of the 
engine. Wax molecules dissolved in biodiesel start to crystallize at higher temperatures 
than petrodiesel and as the temperature drops down these crystals stop the flow properties 
of biodiesel, plugging the filters in the engine. The crystal growth can be inhibiting by the 
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introduction of branched chain in the methyl ester or biodiesel and by synthesizing the 
biodiesel with 80-90% unsaturated long chain FAME (fatty acid methyl esters). L. A. 
Johnson4 et. al. has shown the reduction in crystallization with introduction of branched 
chain in biodiesel by using branched alcohol for the esterification of oil4. The ASTM 
method D975 gives the guidelines for the quality of biodiesel but does not specify much 
about the cold flow properties. The studies demonstrated by the author Nestor U. Soriano 
Jr. et al. showed that the cold flow properties of the FAME can be improved by treating 
the initial feedstock oil with small amounts of the ozonized vegetable oil5. Mostly 
kerosene or no.1 diesel fuel is being used to increase the crystallization point but now 
there are additives available which improve the cold flow properties of the biodiesel. 
The functional groups present on the biodiesel have affinity for moisture and it 
absorbs more moisture than the petroleum oil. The higher moisture content in biodiesel 
may cause microbial growth, as well as storage and transportation problems. The 
presence of microbes in biodiesel may cause filter plugging and storage tank corrosion. 
J.H. Van Gerpen has reported that moisture absorption of biodiesel from various sources 
or origins have similar values and are higher than the petroleum diesel9.  
1.5 Similar research efforts 
 M. Mittelbach et al. have done studies based on two different properties of 
biodiesel, viscosity and neutralization numbers under different storage conditions. The 
author has observed a rapid decrease in thermal and oxidative stability in both distilled 
and un-distilled samples, when they were exposed to light and air, hence a reduction in 
the induction period. The author has found his results similar to the work done by 
Bondioli et al, where in, they found a rapid decrease in the oxidative stability of the 
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methyl ester samples in the first 30 days. The author in his work has also correlated the 
decrease in oxidative stability of the distilled sample with the removal of the natural 
antioxidants during the process of distillation. He supported this by doing a peroxide 
number measurement for both distilled and undistilled methyl ester samples10. 
 Martin Mittelbach and Sigurd Schober have also done another study on the effect 
of various  types and amounts of natural (mixtures of tocopherols) and synthetic 
antioxidants on the distilled and un-distilled biodiesel samples produced from rape seed, 
sunflower seed, used frying oil and beef tallow11. Their initial findings show that only un-
distilled rapeseed oil has higher induction period (6 hr at 110oC) and distillation has 
further mitigated its oxidative stability. The author has found Pyrogallol (PY), Propyl 
Gallate (PG), and tert-Butylhydroquinone (TBHQ) were the antioxidants which proved to 
improve the oxidative stability of the biodiesel. R. O. Dunn12 has used equipment like the 
P-DSC (Pressurized Differential Scanning Colorimetry) to measure the antioxidant 
activity on the Biodiesel samples. He has analyzed the activity of TBHQ, BHA, BHT, 
PrG and α-tocopherols mixtures with the methyl esters of soy in P-DSC, under various 
pressures and temperatures. The author had recommended the usage of 3000ppm of 
either BHA or TBHQ during the storage (Dunn)12. 
 The non-catalyst based production of biodiesel has been done by using 
supercritical methanol by Shiro Saka et al. Their findings show that all FAME are stable 
at temperatures around 270oC and pressure 17MPa and the cold flow properties seemed 
to be unaffected even at 350oC /43MPa13. The author S. Saka also states that the 
polyunsaturated FAME is more prone to decomposition than the monounsaturated. 
Research has also been done on the yield of biodiesel after the exposure to the 
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supercritical methanol using the FT-IR13. Research on the properties of the Palm oil like 
the density, viscosity, heating value, cloud point and cetane index has been conducted by 
Pedro Benjumea et al. based on different specified  ASTM methods14. The author in his 
paper has also indicated some of the ASTM methods (D4757) to be better than the other 
(D 976) for the Palm oil biodiesel, based on results in his study14.  
 Further research on the combination of aviation fuel JP-5 and the biodiesel have 
been done by Dimitrios M. Korres et al. The author stated that the combination resulted 
in less particulate matter emissions (below 60% by volume) but increased NOx 
production and the fuel combustion (due to its chemically bound oxygen) which can be 
improved by using lower blends of biodiesel with JP5 aviation engine fuel15. 
1.6 Antioxidants – Structure and mechanism 
Peroxides formed due to the oxidation of biodiesel attack other fatty acid 
molecules resulting in a chain reaction. Antioxidants prevent further oxidation by 
reacting with the free radicals or the fat radicals to form stable radicals. Factors such as 
presence of light, air, varied temperatures, antioxidants and pro-oxidants (metal catalysts) 
affect the oxidative stability of the biodiesel. Recently, author R.O. Dunn has reported the 
effect of antioxidants on the oxidative stability of soybean oil based biodiesel6. He has 
shown that the oxidative resistance of methyl soyate was improved with application of 
antioxidants and the PrG, BHT, BHA were most effective compared to the tocopherols.  
Structure of antioxidants 
 BHT is a lipophilic organic compound commonly used as the food additive 
(Figure 6) and is primarily a synthetic analogue of vitamin E. BHT stops the auto-
oxidation of biodiesel by donating a hydrogen atom and converting peroxy radicals to 
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hydroperoxides. It is a sterically hindered phenol with possible volatilization at high 
temperatures.  
 
Figure 6.Butylated hydroxytoulene (BHT)11 
 BHA is a mixture of two isomeric compounds. Like BHT, BHA is also a food 
additive which has its major use in medicine. BHA acts as a free radical scavenger like 
BHT and stabilizes free radicals. Proximity of tertiary butyl group to hydroxyl group in 
BHA makes it a hindered phenol. The structure of BHA is illustrated in Figure 7. 
 
Figure 7.Butylated Hydroxyanisole (BHA)11 
 PrG is an ester and a common pet food additive. As shown in the Figure 8, three 
hydroxyl groups present on phenol makes it highly reactive. It has a very low solubility 
and is heat labile under alkaline conditions. 
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Figure 8.Propyl Gallate (PrG)11 
 Vitamin C (Figure 9) is a common food supplement and antioxidant. It acts as an 
oxygen scavenger and it also donates hydrogen to phenolics. 
 
Figure 9.Ascorbyl Palmitate (Vit C)11 
 The tocopherols or the vitamin E are the methylated phenols with the antioxidant 
activity (Figure 10). Like other antioxidants, this would also eliminate the free radical 
intermediates preventing oxidation. 
 
Figure 10.Tocopherol (Vit E)11 
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Proposed Mechanisms of Antioxidants 
Antioxidants arrest the oxidation by donating hydrogen which minimizes the free 
radical chain reaction. These antioxidants have low activation energy to donate hydrogen 
and the resulting antioxidant free radical does not initiate another free radical chain 
reaction as it has stabilized and delocalized radical electron. Sometimes these antioxidant 
free radicals form stable compounds reacting with methyl ester free radicals (Figure 11). 
 
Figure 11.Proposed Antioxidant Reaction Mechanism7 
There are two types of antioxidants, natural and synthetic. Natural antioxidants 
are tocopherols, ascorbic acid and synthetic antioxidants are BHA, BHT, PrG etc. For 
instance, Figure 12 illustrates the proposed antioxidant mechanism of the Butylated 
hydroxy anisole, a synthetic antioxidant which is stabilized by its resonance structures. 
15 
 
 
 
 
Figure 12.Proposed Antioxidant Mechanism of Butylated hydroxyanisole7  
Vitamin C or the ascorbate is another example of the antioxidant (natural antioxidant) 
which donates hydrogen and thereby neutralizing the free radical while forming ascorbate 
radical itself (Figure 13). But this ascorbate radical does not start a radical chain reaction 
as it is a very stable radical, stabilized by the resonance. 
16 
 
 
 
 
Figure 13.Proposed Ascorbate Antioxidant Mechanism8 
 Some of the factors affecting the efficiency of antioxidants are solubility, 
stability, pH, processing, redox potential and the activation energy. Oxidative resistance 
of the biodiesel is generally determined using oxidation onset analysis and oxidation 
induction time analysis. 
1.7 Introduction to the analysis parameters 
Oxidative stability 
 Oxidative stability of the biodiesel is mainly determined by oxidation onset 
temperature (OOT) and oxidation induction time (OIT). Both these parameters are 
measured using P-DSC. 
Oxidation onset temperature 
 Oxidation onset temperature gives us degree of oxidative stability of the sample 
exposed to oxygen under a specific heating rate. OOT is only a relative measurement of 
oxidation and can be used to measure presence of antioxidants. It is basically used to look 
for the oxidation of the sample itself. 
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Oxidation Induction Time 
 Oxidative Induction time is the relative measure of oxidative properties of the 
sample. Sample is exposed to oxygen under an isothermal environment and time at which 
the onset of oxidation occurs is noted as OIT. It is defined as, the total time until onset of 
rapid oxidation of sample is achieved. Initially, antioxidant in the sample has been 
exhausted and then rapid oxidation of sample occurs. Thus, OIT is related to the amount 
of antioxidant in sample at the beginning of the test. As a sample ages during its normal 
use, antioxidant in sample decreases so that OIT of sample also decreases, making OIT a 
measure of aging. OIT can be used to detect the presence, measure the quantity or the 
effectiveness of antioxidants. 
 OOT gives the actual temperature at which oxidation starts. Sample is scanned 
from low temperature to high temperature instead of being held isothermally, hence is a 
measure of OT of the biodiesel sample. OIT cannot be directly correlated with the onset 
temperature whereas; it is another way to look at the oxidation stability of the biodiesel. 
OIT is rather the measure of amount and efficacy of antioxidant employed. 
Thermal Stability 
 Resistance of molecules to decomposition at high temperatures is termed as the 
thermal stability. Temperature at which maximum weight loss occurs is called the Tmax. 
Tmax and 5% weight loss temperature are the two parameters considered for determining 
thermal stability of biodiesel in TGA curves. 
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Crystallization onset temperature 
 DSC was used to analyze the crystallization onset temperature of biodiesel. As 
biodiesel crystallizes at a higher temperature compared to petrodiesel, a temperature 
program from -70oC to +20oC has been used to scan the crystallization onset temperature. 
Moisture retention 
According to the ASTM standard D6751, the maximum allowable water content 
in biodiesel is 0.05%. Though the moisture content does not affect the oxidation 
resistance, thermal stability and crystallization of biodiesel, it may cause microbial 
growth which results in storage and transportation problems9. TGA-SA instrument is 
used to measure the moisture content retained by biodiesel. 
1.8 Instrumentation and analysis outline 
 Overview of instrumentation and analysis parameters used in this research are 
presented in Table 1 with a more complete description given below.  
Table 1.Analysis method outline 
Instrument used Purpose 
GC Fatty acid composition 
P-DSC Oxidation onset temperature & oxidation induction time 
TGA  Oxidative stability & thermal Stability 
DSC Crystallization onset temperature 
TGA-SA Moisture analysis 
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Pressurized Differential Scanning Calorimetry 
 
Figure 14.P-DSC Instrumentation16 
  Pressure-DSC was used for determination of OIT & OOT of biodiesel and the 
effect of antioxidant concentration in biodiesel. Both these tests were performed by using 
TA Q-20 P-DSC (Figure 14 - TA instruments, New Castle, DE, USA). Using the 
differential scanning calorimetry to study the oxidative stability of the samples requires 
an airtight sample chamber. P-DSC provides heat flow measurements for pressure 
sensitive materials by comparing heat flow of empty reference pan with that of the 
sample pan. The operating parameters of P-DSC are mentioned in the Table 2. 
Table 2.Operating Parameters for P-DSC 
Parameter Purpose 
Instrument TA Q-20 P-DSC 
Purpose Oxidative onset & induction temperatures 
Sample Amount 3±0.3 mg 
Gas  Ultra high purity (UHP) grade nitrogen & oxygen 
Flow rate 50 ml/min 
Temperature program 50oC to 120oC (OIT), 50oC to 110oC (OIT), RT to 300oC (OOT) 
Ramp Rate 10oC /min 
 
20 
 
 
 
Thermogravimetric analysis (TGA) 
 
Figure 15.TGA Instrumentation16 
 Thermogravimetric analyzer (Figure 15) measures the amount and rate of change 
of weight with respect to time and temperature. TGA measurements are useful in 
determining the composition of materials and their thermal stability.  
 TGA has a highly sensitive balance which is usually surrounded by a heated oven 
or a furnace connected to a thermocouple which measures the temperature changes as 
shown in Figure 16. When analysis starts, weight is plotted against the temperature which 
gives us the onset temperature. Non-oxidative decomposition of the samples was 
observed by TGA using TA Q-5000 TGA (TA instruments, New castle, DE, USA) under 
flow of ultra high purity (UHP) grade nitrogen (refer Table 3).  
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Figure 16.Working Diagram of TGA11 
Table 3.Operating Parameters for TGA 
Parameter Purpose 
Instrument TA Q-5000 TGA 
Purpose Thermal stability analysis, oxidative stability analysis 
Sample Amount 7 mg 
Gas  Ultra high purity (UHP) grade nitrogen/air 
Flow rate 40 ml/min 
Temperature program RT to 600oC 
Ramp Rate 10oC /min 
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Differential Scanning Calorimetry (DSC) 
 
Figure 17: DSC Instrumentation16 
 Sample is loaded in an aluminum pan and heat flow is measured differentially by 
comparing heat flow of an empty reference pan. There are two places (Figures 17), one 
for reference pan and the other for sample pan on heat flow measurement slab (heat flux 
slab) of DSC. This slab has a known heat resistance. After placing the pans in their 
respective places, temperature is increased linearly as a function of time and heat flows 
through both the pans due to conduction. Heat flow through the sample pan is larger than 
that of the empty reference pan, hence there is a temperature difference created across the 
slab which is measured by a thermocouple. Crystallization onset temperature can be 
plotted on the graph with heat flow Vs time. The samples were analyzed using TA Q-
2000 DSC (TA instruments, New castle, DE, USA) under the flow of ultra high purity 
(UHP) grade nitrogen using the parameters mentioned in Table 4. 
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Figure 18.Working Diagram of DSC24 
   
Table 4.Operating Parameters for DSC 
Parameter Purpose 
Instrument TA Q-2000 DSC 
Purpose Crystallization onset temperature 
Sample Amount 5-6 mg 
Gas  Ultra high purity (UHP) grade nitrogen 
Flow rate 40 ml/min 
Temperature program -70oC to 20oC 
Ramp Rate 5oC /min 
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Moisture retention analysis (TGA-SA) 
 
Figure 19.TGA-SA Instrumentation16 
 TGA-sorption analysis (Figures 19 & 20) was used to study the moisture 
absorption property of biodiesel. Moisture absorption test was performed using TA Q-
5000-SA (TA instruments, New castle, DE, USA) with the parameters mentioned in 
Table 5. 
 
Figure 20.Working Diagram of TGA-SA16 
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 TGA-SA has a specialized humidity chamber, that can regulate humidity 
percentage in the chamber and sensors present near sample record the relative humidity 
readings. There is also a sensitive balance that accurately measures change in weight of 
the sample during adsorption and desorption of moisture, as shown in the Figure 20.   
Table 5.Operating Parameters for TGA-SA
Parameter Purpose 
Instrument TA Q-5000-SA 
Purpose Moisture Analysis 
Sample Amount 1-2 mg 
Gas  Ultra high purity (UHP) grade nitrogen  
Flow rate 200 ml/min 
Temperature program 25oC 
Humidity Program Stepwise to 80% with 20% increase in each step 
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Experimental Section 
2.1 Materials & Chemicals 
 The corn oil was obtained from a local Wal-Mart store. Methanol and sodium 
hydroxide were supplied from Fisher Scientific, USA. The D2 grade diesel was 
purchased from a local supplier. The antioxidants, Butylated hydroxy toluene (BHT), 
Butylated hydroxyanisole (BHA), Propyl Gallate (Prg), Ascorbyl palmitate (VitC), 
Tocopherols (VitE) were purchased from Sigma Aldrich. 
2.2 Procedures & Instrumentation Operating Protocols 
Synthesis of Biodiesel 
The 100 ml of corn oil was taken into a flat bottom flask for the synthesis of 
biodiesel. The oil was continuously stirred using magnetic stirring bars by maintaining 
the temperature of water bath at 60oC. 1 gram of sodium hydroxide was dissolved in 20 
ml of methanol. Once the temperature of oil was stabilized at 60oC, the sodium hydroxide 
and methanol solution were added to the oil. The reaction mixture was stirred vigorously 
for 60 minutes using a magnetic stirrer and then it was allowed to stand for at least 8 hrs 
for maximum biodiesel yield. Care has to be taken to avoid water during the biodiesel 
synthesis. Sodium hydroxide used as the catalyst in the synthesis is highly hygroscopic; 
hence it has to be dried to remove water before adding it to methanol.  
After the completion of the reaction, the mixture was taken in a separating funnel 
to separate biodiesel and glycerin.  Glycerin is denser than biodiesel and can be separated 
based on density gradient. Glycerin was then decanted off and separated from biodiesel. 
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The synthesized biodiesel was blended with the D2 grade of petroleum diesel and the 
designation of the blend biodiesel is given in Table 6. 
Table 6.Designation of biodiesel and the blends 
Designation Percentage of petroleum diesel (%) 
B100 (100% biodiesel) 00 
B80 (80% biodiesel) 20 
B50 (50% biodiesel) 50 
B20 (20% biodiesel) 80 
D2 (100% petrodiesel) 100 
 
Antioxidant Additives 
 100 ml of the prepared biodiesel is transferred to closed polyvinylated containers 
and different antioxidants are added in varying concentrations mentioned in the Table 7. 
All the containers were labeled properly and stored in a dark place under optimum 
storage conditions. 
Table 7.Different Concentrations of Antioxidant Additives added to the Biodiesel 
Biodiesel + Antioxidant Additive Antioxidant Concentrations (ppm) 
B100 0 
B100+BHT 500, 1000, 2000, 3000, 5000, 12000 
B100+BHA 2000, 3000, 12000 
B100+PrG 2000, 3000 
B100+VitC 2000, 3000 
B100+VitE 2000, 3000 
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Pressure Differential Scanning Calorimetry (P-DSC) – OIT & OOT measurements 
 P-DSC is used to determine the oxidation onset temperature and the oxidation 
induction temperatures of the sample. For OOT, 3±0.2mg of the sample is loaded into an 
open pan in the PDSC with an oxygen flow rate of 50 ml/min and a temperature ramp of 
10oC /min untill a final temperature of 300oC is attained.  
 ASTM D6186 method was used to analyze the OIT of biodiesel samples. This 
method specifies that the test has to be done under accelerated conditions of 500 psi 
pressure and an isothermal temperature of 200oC. The method suggests that if the OIT is 
below 10 mins, the temperature or pressure or both have to be altered in order to get more 
accurate results. Some alterations have been done in the ASTM D6186 method to get 
better resolution in OIT peaks of the samples for lower and higher concentrations of 
antioxidant additives. More detailed description of the modified methods is given in 
results section (refer 3.1.2).  
 Approximately 3±0.2mg of sample was introduced into the P-DSC and the 
samples were initially equilibrated at 50oC for all the methods. The experimental 
conditions where open pans were used for OIT analysis created oily accumulations in the 
P-DSC. Therefore all the samples were loaded in closed pans with pinhole to provide 
oxygen contact and at the same time address the problems associated with evaporation of 
samples. The following methods in Tables 8 & 9 were used for oxidation onset 
temperature and the oxidation induction time analysis of biodiesel samples. 
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Table 8.Method for Oxidation Onset Temperature Analysis by P-DSC 
 
Isothermal for 10.00 min 
Ramp 10.00°C/min to 300.00°C 
End of method 
 
Table 9.Method for Oxidation Induction Time Analysis by P-DSC 
Antioxidants <5000 ppm (20 psi) Antioxidants >5000 ppm (100 psi) 
Equilibrate at 50.00°C Equilibrate at 50.00°C 
Ramp 10.00°C/min to 120.00°C Ramp 10.00°C/min to 110.00°C 
Isothermal for 1.00 min Isothermal for 1.00 min 
Mark end of cycle 0 Mark end of cycle 0 
Isothermal for 100.00 min Isothermal for 100.00 min 
End of method End of method 
 
Thermogravimetric Analyzer (TGA) – Oxidative and Thermal Stability Analysis 
 TGA is used to determine oxidative and thermal stability of biodiesel, different 
blends of biodiesel and biodiesel with different antioxidants in varying concentrations. 
Approximately 7 mg of sample was weighed in a platinum TGA pan and is loaded into 
TGA. Temperature program was raised from room temperature to 600oC with a ramp rate 
of 10oC /min under ultra high purity grade nitrogen (thermal stability) at a flow rate of 35 
ml/min and same procedure was also done under air (oxidative stability). The operating 
parameters for TGA are given in Table 10. It takes about 58 mins to run a single sample. 
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After TGA cools down, furnace is lowered and sample pan is unloaded from the balance. 
Platinum sample pan is then cleaned with a chem. wipe and burnt in propane flame in 
order to completely eliminate the left over sample and make the pan ready for next run. 
Table 10.Method for the Thermogravimetric Analysis 
 
Ramp 10.00°C/min to 600.00°C 
End of method 
 
Differential Scanning Calorimetry (DSC) – Crystallization Onset Temperature Analysis 
 DSC is used to determine the crystallization onset temperature of the samples. 
5±0.3 mg of the sample is weighed in a T-zero DSC aluminum pan and is sealed 
hermetically with T-zero aluminum lid and placed accurately on the DSC sensors. 
Temperature is raised from -70oC to 20oC at a heating rate of 5oC /min, under UHP grade 
nitrogen. DSC takes about 28 mins to complete running a single sample with method 
mentioned in the Table 11. 
Table 11.Method for Differential Scanning Calorimetry 
 
Equilibrate at -70.00°C 
Ramp 5.00°C/min to 20.00°C 
End of method 
 
Thermogravimetric Analysis – Sorption Analyzer (TGA-SA) – Moisture Analysis 
 TGA-SA is employed to study moisture retention property of the biodiesel 
samples. Approximately 1±0.3mg of sample is weighed in a small quartz crucible and 
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introduced into TGA-SA. The SA takes about 480 mins to run a single sample. Initially 
the system is equilibrated at 25°C with 0% humidity. Then moisture is raised to 
saturation at 80% in a step wise manner with a 20% increase in humidity at each step. 
After the analysis, sample pan is unloaded from the balance and is washed with soap and 
water. Then the quartz pan is dried with an air blow in order to make it free of any 
moisture. The method from Table 12 is used for the analysis. 
Table 12.Method for Moisture Analysis by TGA-SA 
 
Equilibrate at 25.00°C 
Humidity 0.00 % 
Isothermal for 60.00 min 
Mark data 
Equilibrate at 25.00°C 
Humidity 20.00 % 
Abort next iso if Weight(%) < 0.1000 for 30.00 min 
Isothermal for 30.00 min 
Mark data 
Abort next iso if Weight(%) < 0.1000 for 30.00 min 
Step humidity 20.00 % every 60.00 min to 40.00 % 
Step humidity 20.00 % every 60.00 min to 60.00 % 
Step humidity 20.00 % every 60.00 min to 80.00 % 
Abort next iso if Weight(%) < 0.1000 for 30.00 min 
Step humidity 20.00 % every 60.00 min to 60.00 % 
Step humidity 20.00 % every 60.00 min to 40.00 % 
Step humidity 20.00 % every 60.00 min to 20.00 % 
End of method 
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Results and Discussion 
3.1 GC Analysis 
 The GC analysis has been performed to mark the end of transesterification 
reaction for biodiesel synthesis. Figures 21 & 22 show the initial corn oil and the reaction 
products of transesterification reaction after biodiesel synthesis. There was a biodiesel 
yield of 94.2% and the obtained biodiesel was composed of methyl arachidate (0.4 wt %), 
methyl linoleate (51.8 wt %), methyl linolenate (2.0 wt %), methyl oleate (36.9 wt %) 
and methyl palmitate (8.9 wt %). There was a biodiesel yield of 94.2%. 
 
Figure 21.GC Analysis of Corn Oil 
 
Figure 22.GC Analysis of Transesterification products of Biodiesel Synthesis 
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3.2 Pressure Differential Scanning Calorimetry (P-DSC) 
 The oxidative onset temperature and the oxidation induction time analysis are the 
two tests performed using the P-DSC in order to analyze the oxidation resistance of 
biodiesel with and without petrodiesel and antioxidant additives.  
3.2.1Analysis of Oxidation Onset Temperature (OOT) 
 P-DSC was used to analyze the OOT of different blends of biodiesel B100, B80, 
B50, B20 and petrodiesel D2. Further, the effects of BHA antioxidant on OOT of 
biodiesel were also studied using P-DSC. 
3.2.1a OOT of Biodiesel Blends 
 The ASTM E2009 is the standard method used for OOT analysis of biodiesel. 
This method specifies a heating rate of 10oC /min and should be used until the 
temperature reaches 300oC. This method further suggests use of oxygen flow at a rate of 
50 ml/min. The OOT of B100 is less than that of petrodiesel and we see an increase in 
OOT of the blends of biodiesel with an increase in petrodiesel concentration. The OOT 
results are exhibited in Table 13. Due to the oxidation of some organic compounds, there 
is a change in the shape of the biodiesel peak (B100, B80). 
 Due to the volatile nature of petrodiesel, we observe some amount of weight loss 
during the process of heating the sample. This leads to a reduction in the height of 
exothermic peak. We observe a trend of decreasing height of exothermic peak with an 
increase in the concentration of petrodiesel in the biodiesel blend. Hence the OOT values 
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for each sample are for the biodiesel blends with only a fraction of petrodiesel remaining 
in the sample at that temperature. Figure 23 displays the analysis for OOT using P-DSC.  
Table 13.Oxidation Onset Temperatures of Biodiesel Blends 
Sample OOT 
D2 (100% petrodiesel) 192±0.9oC 
B100 (100% biodiesel) 163±0.2oC 
B80 (80% biodiesel + 20% petrodiesel) 166±0.2oC 
B50 (50% biodiesel + 50% petrodiesel) 168±0.4oC 
B20 (20% biodiesel + 80% petrodiesel) 173±0.7oC 
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Figure 23.Oxidation Onset Temperature of biodiesel and petrodiesel blends 
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3.2.1b OOT of Biodiesel with BHA Antioxidant Additives 
 The ASTM E2009 method was used to measure OOT of biodiesel with BHA 
antioxidant additives using P-DSC. The analysis of B100, B100+3000ppm BHA and 
B100+12000ppm BHA revealed their OOT’s to be 144.9±0.2oC, 161.5±0.6oC and 
181.2±0.7oC respectively (Figure 24). The analysis further reveals that there is an 
improvement in OOT of B100 with addition of antioxidant. This data is presented in 
Table 14. It is observed that there is an increase of 16.2oC and 36.3oC in the OOT of 
B100 with the addition of 3000ppm and 12000ppm of BHA antioxidant respectively. The 
increase in the concentration of BHA from 3000ppm to 12000ppm resulted in 19.7oC 
increase in the OOT of B100 sample. The samples with concentrations above 12000ppm 
of BHA had solubility problems and hence were not used in this research.  
 To study the effects of aging on OOT of biodiesel, two samples with a difference 
of three months in age were analyzed. The results reveal that the effect of aging caused a 
decrease in OOT of biodiesel from 163.2oC to 144.9oC (refer B100 OOT result in Tables 
13 and 14). 
Table 14.Oxidation Onset Temperatures of B100 with & without BHA additives 
Sample OOT 
B100 144±0.2oC 
B100 + 3000ppm BHA 161±0.6oC 
B100 + 12000ppm BHA 181±0.7oC 
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      Figure 24.OOT of Biodiesel with BHA Additive 
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3.2.2 Analysis of Oxidation Induction Time (OIT) 
 The usage of 500 psi pressure and isothermal temperature of 200oC (ASTM 
D6186) resulted in an OIT peak under 5mins and hence as the method suggests, the 
temperature and pressures were altered for further study. 
 Continuous series of experimental conditions were applied by changing the 
temperature and pressure parameters. At a pressure of 100 psi, temperature of 110oC and 
oxygen flow rate of 50 ml/min, there was a good resolution in the OIT of the samples 
which contains B100 with 300 ppm of VitE, BHA, BHT and PrG antioxidants. PrG had 
the longest induction period at a concentration of 3000 ppm. There were solubility 
problems associated with this antioxidant at higher concentrations and hence could not be 
used for analysis. 
 BHT had a good resolution OIT peak within 100 mins from OIT of B100 and was 
soluble even at higher concentrations as 12000 ppm and therefore was used for the 
purpose of OIT study under the 100 psi pressure and temperature of 110oC. For lower 
concentrations of antioxidants (500, 1000, 2000 ppm), the experimental conditions of 100 
psi and 110oC did not yield a good resolution for OIT curves. 20 psi pressure and 120oC 
were found to be better experimental parameters for the samples with lower 
concentrations of BHT antioxidant. The sample was kept isothermal for 1 min under 
nitrogen and then the gas was switched to ultra high pure oxygen at 20 psi pressure and 
flown at a rate of 50 mL/min, where the sample was kept isothermal for further 100 min 
for the determination of OIT of each sample.  
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3.2.2a OIT of B100 with and without Antioxidant Additives 
 Figure 25 displays the samples B100 with 3000ppm of VitE, BHA, BHT and 
PrG antioxidants that were used in a comparative study for OIT. The OIT’s for B100, 
B100+3000ppm VitE, B100+3000ppm BHA, B100+3000ppm BHT, B100+3000ppm 
PrG samples were 24.55mins, 25.13mins, 26.11mins, 34.85mins and 44.42mins 
respectively (Table 15). These results show that OIT of B100 increases with addition of 
antioxidants. BHT and PrG were found to be better antioxidants for improving the 
oxidation resistance. A 19.87mins & 10.3mins increase in the OIT was observed by 
adding 3000ppm of PrG and BHT to B100. The order of effectiveness with increasing 
oxidative resistance is observed to be PrG > BHT > BHA > VitE.        
Table15.OIT of B100 with & without Additives 
Sample  OIT 
B100 24 ±0.2mins 
B100+E 25±0.2mins 
B100+BHA 26±0.4mins 
B100+BHT 34±0.3mins 
B100+PrG 44±0.6mins 
40 
 
 
 
  
25.13min
44.42min
26.11min
B100 B100+E
24.55min 34.85min
B100+BHT B100+PrGB100+BHA
-4
-2
0
2
4
H
e
a
t
 
F
l
o
w
 
(
W
/
g
)
0 20 40 60 80
Time (min)
                  B100+3000 ppm VitE–––––––
                  B100+3000 ppm PrG– – – –
                  B100+3000 ppm BHA–– –– –
                  B100––– –––
                  B100+3000 ppm BHT––––– ·
Exo Up Universal V4.3A TA Instruments
 
                Figure25.OIT of B100 with & without Different Antioxidants 
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3.2.2b OIT of B100 with and without BHT Additives at Higher Concentrations 
 The study was done to determine the OIT of B100 with higher concentrations of 
antioxidant additives. The method employed for this study has parameters of 100Psi 
pressure and 110oC temperature. The OIT of B100, B100+3000ppm BHT, 
B100+5000ppm BHT, B100+8000ppm BHT, B100+12000ppm BHT antioxidant were 
found to be 24.1mins, 34.6mins, 52.4mins, 61.1mins and 67.8mins respectively (refer 
Table 16). Figure 26 shows the overlay of the OIT curves for the B100 with and without 
BHT additives at higher concentrations. With addition of 12000ppm of BHT an increase 
in the OIT of the sample is observed to be 43mins but further increase in concentrations 
of antioxidants leads to solubility problems and hence were not analyzed. It is also 
observed that the oxidation resistance increases with increase in antioxidant concentration 
up to 12000ppm. This improvement can be assigned to the free radical stabilization 
property of antioxidant.  
 
Table 16.OIT of Biodiesel with & without Additives at Higher Concentrations 
Sample  OIT 
B100  24±0.4mins 
B100 + 3000ppm BHT 34±0.6mins 
B100 + 5000ppm BHT 52±0.5mins 
B100 + 8000ppm BHT 61±0.7mins 
B100 + 12000ppm BHT 67±0.9mins 
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                Figure 26.B100 with and without Additives at Higher Concentration 
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3.2.2c B100 with and without BHT Additives at Lower Concentrations  
 The parameters used to study the OIT of B100 with lower concentrations of 
antioxidant were 20Psi pressure and 120oC temperature with constant heat flow. Figure 
27 illustrates the OIT curves of B100 with and without BHT additives at lower 
concentrations. The OIT of B100, B100+500ppm, B100+1000ppm, B100+2000ppm and 
B100+5000ppm of BHT antioxidant were found to be 24.7mins, 29.2mins, 32.4mins, 
43.1 mins and 53.6 mins respectively which is represented in Table 17. It was observed 
that there is an increase of OIT by 10.8 mins when the antioxidant concentration was 
increased from 1000 to 2000 ppm. With a raise in the concentration of antioxidants from 
2000 to 5000 ppm only a marginal increase of 10.5 mins in the OIT was observed. The 
relative amplification of OIT is higher when the concentration of antioxidant is increased 
from 1000 ppm to 2000 ppm rather than from 2000 ppm to 5000 ppm. 
 
Table 17.OIT of Biodiesel with BHT Additives at Lower Concentrations 
Sample  OIT (min) 
0 ppm 24±0.1 mins 
500 ppm 29±0.2 mins 
1000 ppm 32±0.5 mins 
2000 ppm 43±0.3 mins 
5000 ppm 53±0.6 mins 
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               Figure 27.OIT of Biodiesel with BHT Additives at Lower Concentration. 
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3.3 Thermogravimetric Analysis (TGA) 
 In order to support the oxidative stability results obtained from P-DSC a TGA 
analysis of oxidative stability was performed. TGA was further used to study the thermal 
stability of biodiesel in addition to oxidative stability. To analyze the oxidative and 
thermal stability of biodiesel, the parameters considered for TGA analysis were Tmax and 
5% weight loss temperature.  
3.3.1 Oxidative Stability of B100 with & without Additives in Air using TGA 
 Figure 28 displays the overlay of TGA analysis performed using B100 samples 
with 12000 ppm of antioxidants. The different antioxidants used in this process were 
PrG, BHT, VitC, VitE, and BHA. The analysis revealed that the Tmax of B100, B100+ 
PrG, B100+BHT, B100+VitC, B100+VitE and B100+BHA were found to be 198.3oC, 
202.8oC, 202.1oC, 200.6oC, 201.3oC and 202.1oC respectively.  
 The 5% weight loss temperature of the VitC compound (Ascorbyl palmitate) is 
observed to be similar to that of the B100, because of which, adding 12000 ppm of VitC 
did not show much effect on the 5% weight loss temperature of B100. The Table 18 
displays the Tmax and the 5% weight loss temperature, accordingly, Tmax PrG ~ BHT ~ 
BHA > VitE > VitC, 5% weight loss temperature  VitE > PrG > BHT ~ BHA > VitC.  
 VitE has a higher 5% weight loss temperature which starts at 136.9oC and lower 
Tmax temperature than PrG, BHT and BHA. Hence the overall efficacy of the antioxidants 
is PrG ~ BHT ~ BHA > VitE > VitC. The Tmax and 5% weight loss temperature results 
for the oxidative stability analysis by TGA does not directly give the oxidative stability 
values but only provides a correlation. Another approach where the results can be directly 
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related in this experimental condition to the oxidative stability can be designed. In order 
to avoid the weight loss, sample is maintained isothermally at low temperatures of around 
20oC – 35oC under air purge and then looked for the weight gain of the sample, which 
gives us the oxidative stability. The more time the sample takes to gain weight, the higher 
is its stability. 
Table 18.Oxidative Stability Analysis of Biodiesel with Additives  
Sample  Tmax  5% Wt Loss Temperature 
B100 198±0.5oC 132±0.3oC 
B100 + 12000 ppm PrG 202±0.4oC 136±0.3oC 
B100 + 12000 ppm BHT 202±0.3oC 134±0.5oC 
B100 + 12000 ppm Vit C 200±0.4oC 132±0.5oC 
B100 + 12000 ppm Vit E 201±0.6oC 136±0.2oC 
B100 + 12000 ppm BHA 202±0.6oC 134±0.3oC 
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                   Figure28. Oxidative Stability of Biodiesel with Antioxidant Additives 
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3.3.2 Thermal Stability Analysis using TGA 
 The thermal stability analysis using TGA was performed to determine the Tmax 
and the 5% weight loss temperatures of the following samples. 
1. Fresh and aged biodiesel 2. Different blends of biodiesel and petrodiesel 3. Biodiesel 
with and without antioxidant additives  
3.3.2a Thermal Stability Analysis of Fresh and Aged Biodiesel 
 In this method, two B100 samples, which includes a newly synthesized B100 and 
the other sample contains B100 that was synthesized four months ago, were analyzed 
based on the age parameter. The biodiesel sample was analyzed on TGA for thermal 
stability right after its synthesis (B100 fresh) and about 4 months later, the same sample 
was again analyzed (B100 aged) for thermal stability. The results of Tmax and 5% weight 
loss temperature shows that there has been a decrease in the thermal stability of biodiesel 
over time.  
 The Tmax of freshly synthesized biodiesel was 226.7oC (refer Table 19), which is 
about 19.5oC higher than the four months aged biodiesel sample. The 5 % weight loss 
started at 159oC and 136.1oC for fresh and aged biodiesel respectively. The Tmax and 5% 
weight loss for both fresh and aged biodiesel suggests that there is a reduction in thermal 
stability over time. This may be the result of degradation of the biodiesel over time 
causing the gum and sediment formation26, which ultimately leads to mitigated quality of 
B100 over time (Figure 29). 
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Table 19.Thermal Stability Analysis of Fresh and Aged Biodiesel 
 
Sample Tmax  5% Wt Loss Temperature 
B100 fresh 226±0.4oC 159±0.4oC                          
B100 aged 207±0.5oC 146±0.5oC 
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               Figure 29.TGA-DTG curves of Fresh & Aged B100 
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3.3.2b Thermal Stability Analysis of Different Blends of Biodiesel 
 When B100, B80, B50, B20 and D2 were run on the TGA, the decomposition of 
B100 and D2 occurred in a single step as shown in Figure 30. The analysis of B20 and 
B50 samples resulted in 2DTG peaks (refer Figure 31). The first peak represents 
petrodiesel and the second peak represents biodiesel. The broadness of DTG peak of 
petrodiesel is higher than that of biodiesel and this causes an increase in the broadness of 
DTG curves as the petrodiesel content increases in the biodiesel blends. The broader 
DTG peak of biodiesel blended with petrodiesel show that there is a broad molecular 
weight distribution. The Tmax of DTG curves for each sample is presented in Table 20.  
The decomposition onset temperature is 189oC and 91oC for B100 and D2 respectively 
and hence the thermal stability of B100 is higher than that of D2. The blends show a 
trend of decrease in thermal stability with increasing concentration of petrodiesel. 
Table 20.Onset Temperature and the DTG peak of Biodiesel and Blends 
Sample  Onset Temperature (°C)            DTG Peak (°C) 
B100 189±0.2°C 226±0.2°C 
B80 171±0.5°C 219±0.5°C 
B50 145±0.6°C 212±0.6°C 
B20 118±0.8°C 208±0.8°C 
D2 91±0.9°C 160±0.9°C 
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        Figure 30.TGA Curves for the Biodiesel and Blends 
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      Figure 31.DTG Curves for Biodiesel and Blends 
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3.3.2c Thermal Stability Analysis of B100 with Additives using TGA 
 In this method B100 samples with and without antioxidant additives were 
analyzed (refer Figure 32). Table 21 represents the Tmax and the 5% weight loss 
temperature results of the B100 with and without additives. The B100 samples with 3000 
ppm of antioxidants showed no significant change in the Tmax of DTG curves. The 
samples of B100 without any additives and B100 with 12000 ppm of BHT and VitE 
showed similar Tmax results in the DTG curves, whereas the B100 sample with 12000 
ppm of BHA additive had slight decrease in Tmax value.  
 A decrease in Tmax values of samples with 12000 ppm of BHA was observed, 
which can be attributed to the low Tmax value of BHA compound itself. On analysis of 
5% weight loss temperature of the samples, B100 with VitE and PrG had the highest 
temperature and the B100 sample with BHA additives had the lowest. Higher 5% weight 
loss temperatures of the B100 samples with VitE and PrG additives can be attributed to 
higher decomposition temperatures of VitE and PrG compounds (Figure 33). The 5% 
weight loss temperatures and Tmax values of antioxidant compounds are given in Table 
22.  Despite of the high Tmax values of antioxidant compounds VitE and PrG, there is not 
much change observed in the Tmax of the B100 with PrG and VitE. This may be because 
of the very less concentrations (parts per million) of the antioxidants added. 
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Table 21.Tmax and 5% weight loss temperatures of B100 with Additives 
Sample  Tmax  5% Wt loss temperature 
B100 205±0.5oC 135±0.5oC 
B100 + 12000 ppm PrG 205±0.8oC 135±0.7oC 
B100 + 12000 ppm BHT 204±0.8oC 131±0.8oC 
B100 + 12000 ppm Vit E 205±0.5oC 139±0.5oC 
B100 + 12000 ppm BHA 203±0.8oC 130±0.7oC 
  
Table 22.Tmax and 5% weight loss temperatures of antioxidant compounds 
Sample  Tmax  5% Wt loss temperature 
PrG (antioxidant only) 209±0.6oC 135±0.5oC 
BHT (antioxidant only) 99±0.2oC 135±0.2oC 
VitE (antioxidant only) 225±0.4oC 131±0.4oC 
BHA (antioxidant only) 86±0.2oC 139±0.3oC 
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        Figure 32.Thermal Stability of B100 with Additives 
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                                              Figure 33.TGA-DTG Curves of Antioxidants 
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3.4 Crystallization Onset Analysis using DSC 
 The crystallization onset temperature analysis using differential scanning 
calorimetry was performed based on the following parameters 
1) Different biodiesel and petrodiesel blends 2) B100 with and without antioxidant 
additives 3) B100 and B50 with and without antioxidant additives. 
3.4.1 Crystallization Onset Temperature Analysis of Biodiesel and Petrodiesel Blends 
 The crystallization onset temperatures of B100, B80, B50, B20 and D2 were 
studied using differential scanning Calorimetry. The crystallization onset temperature of 
each sample is presented in Table 23. The onset temperature for B100 and D2 are 1.19oC 
and -10.41oC respectively and hence biodiesel crystallizes faster than petrodiesel. The 
crystallization onset temperature of B80 is 5.94oC below B100 which signifies that 
addition of petrodiesel improves the crystallization temperature of biodiesel. The area of 
the peak in Figure 34 represents the amount of wax crystals present in the sample. 
Observation of the peak in Figure 34 reveals that there is increased crystallization with 
increase in biodiesel concentration. 
 Addition of petrodiesel lowers the crystallization onset temperature of biodiesel 
and thereby reduces the crystallization of biodiesel. The greater the petrodiesel 
concentration of the biodiesel sample, lower is the wax crystal formation. 
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Table 23.Crystallization Onset Temperature of Biodiesel and its Blends 
Sample  Crystallization Onset Temperature
 
(oC) 
B100 1.2±0.02oC 
B80 -4.7±0.03oC 
B50 -8.2±0.06oC 
B20 -9.6±0.06oC 
D2 -10.4±0.07oC 
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       Figure 34.Overlay of DSC curves of Biodiesel and Blends 
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3.4.2 Crystallization Onset Temperature of B100 with Additives by DSC 
 The samples of B100 with and without antioxidant additives were studied for 
crystallization peaks using differential scanning calorimeter which is displayed in Figure 
35. 3000 ppm and 12000 ppm of BHA, BHT, Vit E, and PrG antioxidants were used in 
this study. The crystallization onset temperatures of each sample are presented in Table 
24. Addition of 12000 ppm of BHT resulted in the maximal improvement in the onset 
temperature of B100, which lowered the onset temperature by 0.55oC. The crystallization 
onset temperatures of B100 with antioxidant additives are similar to that of B100 without 
additives. This signifies that addition of antioxidants to B100 causes a marginal or no 
improvement in the crystallization onset temperature of biodiesel. 
Table 24.Crystallization onset temperatures for the B100 with antioxidant additives 
Sample Onset Temperature 
Biodiesel only (B100) +0.24±0.02oC 
Biodiesel + 3000 ppm BHA -0.22±0.01oC 
Biodiesel + 12000 ppm BHA -0.26±0.02oC 
Biodiesel + 3000 ppm BHT -0.08±0.04oC 
Biodiesel + 12000 ppm BHT -0.31±0.03oC 
Biodiesel + 3000 ppm Vit E -0.12±0.05oC 
Biodiesel + 12000 ppm Vit E -0.08±0.07oC 
Biodiesel + 3000 ppm PrG +0.01±0.03oC 
Biodiesel + 12000 ppm PrG -0.27±0.02oC 
 
62 
 
 
 
 
0.24°C
-0.22°C
-0.26°C
-0.08°C
-0.31°C
-0.12°C
-0.08°C
0.01°C
-0.27°C
-0.8
-0.6
-0.4
-0.2
0.0
0.2
H
e
a
t
 
F
l
o
w
 
(
W
/
g
)
-30 -20 -10 0 10 20
Temperature (°C)
                  B100–––––––
                  B100 + 3000 ppm BHA· · · ·
                  B100 + 12000 ppm BHA– – – –
                  B100 + 3000 ppm BHT–– –– –
                  B100 + 12000 ppm BHT––– –––
                   B100 + 3000 ppm VitE––––– ·
                  B100 + 12000 ppm VitE––––– –
                  B100 + 3000 ppm PrG––– – –
                  B100 + 12000 ppm PrG
Exo Up Universal V4.3A TA Instruments
 
                                  Figure 35.Crystallization Onset Temperature of B100 with 3000 & 12000 ppm of Antioxidant Additives 
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3.4.3 Crystallization Onset Temperature of B100 and B50 with Antioxidant Additives 
 Figure 36 displays B100 and B50 samples with and without antioxidant additives 
that were studied using differential scanning calorimeter. B100 starts crystallizing at 
around 0.24±0.02oC and petrodiesel crystallizes at -8.1±0.01oC with very little crystal 
content (refer Table 25). Addition of 3000 ppm of BHA antioxidant to B100 resulted in 
an improvement of 0.46oC and further increase in the concentration of antioxidants from 
3000 ppm to 12000 ppm resulted in little or no change in onset temperature of B100. 
Addition of 3000 ppm of BHA antioxidant to B50 resulted in a 0.79oC improvement in 
the crystallization onset temperature whereas, addition of 12000 ppm of BHA antioxidant 
resulted in 0.96oC improvement in onset temperature.  
 Addition of 50% petrodiesel and 12000 ppm of BHA resulted in overall 
improvement of onset temperature by 9.3oC. No significant improvement was observed 
with addition of antioxidants. Hence, the improvement in the crystallization onset can be 
attributed to the petrodiesel rather than the antioxidants in biodiesel blends. 
Table 25.Crystallization Onset Temperature of B100 and B50 with Antioxidant Additives 
Sample Onset Temperature (oC) 
B100 +0.24±0.02oC 
B100 + 3000 ppm BHA -0.22±0.01oC 
B100 + 12000 ppm BHA -0.26±0.02oC 
B50 -8.15±0.05oC 
B50 + 3000 ppm BHA -8.94±0.4oC 
B50 + 12000 ppm BHA -9.11±0.5oC 
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                                                             Figure 34.Onset Temperatures for B100 & B50 with Additives 
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3.5 Moisture Analysis of Biodiesel 
 Moisture retention analysis of B100, B50 with and without antioxidants and D2 
were performed using TGA-SA. The biodiesel was equilibrated at 25oC and 0% relative 
humidity. The analysis was performed by increasing the humidity by 20% in each step 
until it reaches a maximum of 80% humidity to study moisture adsorption. Further, to 
study desorption the relative humidity was reduced from 80% to 20% with a 20% 
decrease in each step. The moisture adsorption was allowed to take place until the sample 
was fully saturated. The amount of moisture adsorbed at different relative humidities s is 
presented in Table 26. The adsorption curves analyzed with respect to time and relative 
humidity are displayed in Figure 37. It was observed that there is increase in moisture 
adsorption with increase in relative humidity from 0 to 80%. Desorption of moisture 
takes place during the decrease in humidity from 80% to 20%. The moisture adsorption 
and desorption at different humidity levels is presented in Table 26. The analysis shows 
an almost linear increase in adsorption and desorption with relative humidity. The study 
confirmed that there is no retention of moisture during the cycle of adsorption and 
desorption. The total moisture adsorption during the increase of relative humidity from 0 
to 80% was 0.1235% or 1235 ppm. 
 As per the ASTM standard D6751 (ASTM standards, 2003), the maximum 
amount of water content allowed is 0.05%. The moisture content in corn oil based 
biodiesel is twice the standard allowed water content. The higher adsorption of moisture 
for biodiesel can be attributed to the presence of polar carboxyl group on the methyl ester 
in biodiesel.  
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 A similar study of adsorption and desorption was conducted using petrodiesel but 
the moisture adsorption curve was not attained due to the volatile nature and wider 
molecular weight distribution. The weight change of the petrodiesel was not constant 
through the adsorption and desorption cycles due to constant weight loss because of 
higher volatility. The reason for not being able to obtain moisture retention curve for 
petrodiesel can be attributed to the higher rate of weight loss due to evaporation of 
petrodiesel relative to moisture adsorption.  
 Further study showed that there was no significant change observed in the 
moisture retention properties of biodiesel with addition of antioxidants even at higher 
concentrations. 
Table 26.Effect of Relative Humidity on Moisture Adsorption of Biodiesel 
Range of Relative Humidity (%)  % Increase in Weight
 
PPM of Water Present 
0-20 0.0261±0.00005 261 
20-40 0.0303±0.00004 303 
40-60 0.0326±0.00007 326 
60-80 0.0344±0.00002 344 
80-60 0.0388±0.00005 388 
60-40 0.0308±0.00006 309 
40-20 0.0321±0.00006 322 
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           Figure 37.Moisture Adsorption of Biodiesel at Different Relative Humidity 
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Conclusions 
 
 The oxidation onset temperature of biodiesel increased with antioxidant and the 
petro-diesel content. The oxidation induction time increased with the addition of the 
antioxidants and this result is also supported by the oxidative stability studies done using 
TGA. The efficacy of the antioxidants in increasing the oxidative resistance of the 
biodiesel is PrG > BHT > BHA > Vit E. The crystallization onset temperature of 
biodiesel improved with addition of petrodiesel. There was a decrease in the thermal 
stability of the biodiesel over time and also blending with different petro-diesel content 
whereas, there was no significant change observed in the thermal stability of the biodiesel 
with the addition of the antioxidants. There was also no effect of the antioxidants on the 
crystallization onset temperature and the moisture retention properties of the biodiesel 
with the addition of antioxidants.  
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